Lithium-ion batteries LIB have been used as power sources of portable electronic devices such as a laptop computer, a celler phone, and so on 1 , 2 . Moreover, LIBs have been expected as power sources of hybrid electric vehicle, plug-in hybrid electric vehicle, and electric vehicle due to their high energy densities.
High rate performance, safety, and longer life of LIBs are required for practical use in these EVs. Among the above requirements, we have focused on the rate capabilities of carbonaceous negative electrodes.
The rate capabilities of LIBs can be enhanced by the decrease of internal resistances caused by lithium-ion diffusion in active materials and electrolyte, lithium-ion transfer at interface between electrode and electrolyte, electron transfer at interface between current collector and electrode. These processes can be a rate-determining step. At the graphite negative electrode, the lithium-ion diffusion in graphite was reported to be sufficiently fast 3 . Further, graphite shows high electronic conductivity. Therefore, the rate-determining step should be lithium-ion transfer at interface between graphite and electrolyte. In fact, activation energies for lithium-ion transfer at the interface between graphite and ethylene carbonate EC -based electrolyte were evaluated to be 53 59 kJ mol -1 , which are much larger than those for lithium-ion conduction in electrolyte solutions 4 . In addition, it has been clarified that the activation energies of lithium-ion transfer at various interfaces between electrode and electrolyte were reported to be large 4 -8 . The large activation barriers for lithium-ion transfer at interface between electrode and electrolyte are reported to be responsible for the de-solvation of lithium-ion from the solvation sheath 9 , 10 .
The above results motivated us to study the lithium-ion transfer at carbonaceous negative electrode more in detail by using various electrolytes. When we use graphite negative electrode, EC-based electrolyte is required to form stable solid electrolyte interphase SEI . Hence, solvents used in electrolyte are limited. Then, we focused to fabricate carbonaceous thin-film electrode.
In our previous studies, we have prepared very flat and pin-holefree carbonaceous thin films by plasma-assisted chemical vapor deposition and the resulting thin films were clarified to serve as active materials of the carbonaceous negative electrode 5 , 11 -16 .
In addition, reversible charge and discharge reactions took place in various electrolyte solutions when we used the carbonaceous thin-film electrodes. Tomokazu Fukutsuka* ,❖ , Fumihiro Sagane*, Kohei Miyazaki*, Takeshi Abe*, Tomoyuki Toda**, Yoshiaki Matsuo**, Yosohiro Sugie** and Zempachi Ogumi*** A carbonaceous thin-film electrode was prepared by plasma-assisted chemical vapor deposition, and used as a model carbon electrode to study the interfacial reactions between a electrode and electrolyte. Lithium-ion transfer at the interface between carbonaceous thin-film electrode and electrolyte was studied by electrochemical impedance spectroscopy. In the Nyquist plots, semi-circles assigned to charge-transfer resistance were observed in high frequency region. Activation energies for lithium-ion transfer at the interface between carbonaceous thin-film electrode and electrolyte were evaluated, and the values were found to be dependent on the electrolyte solutions. The effects of ion-solvent interaction on the activation energies for the interfacial lithium-ion transfer are discussed based on theoretical calculations.
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❖ Here we report the influence of the electrolytes on the interfacial lithium-ion transfer at carbonaceous negative electrode. In particular, the influence of ion-solvent interaction on the activation energies for the lithium-ion transfer at the interfaces between carbonaceous thinfilm electrodes and various electrolyte solutions was discussed.
Carbonaceous thin films of ca. 0.6 µm were deposited on substrates of nickel sheet from acetylene as shown in the previous paper 11 , 14 .
Substrates were placed on a ground electrode whose temperature was kept at 873 K and an applied rf power was set at 10 W. Vibrational frequency calculation was performed with the corresponding basis sets to confirm that the geometries are at the minimum of the potential energy surface and to make zero-point energy corrections. Finally, single-point energy, the potential energy of a molecule for a given arrangement of the atoms in the molecule, was calculated at the B3LYP/6-311 g 3dp, 3df level by using the optimized geometries obtained.
To confirm that SEI formed in EC DEC is effective or not, we conducted cyclic voltammometry in various electrolyte solutions. Nyquist plots for the carbonaceous thin-film electrodes at 0.1 V in each solution EC DEC, PC, and DMSO are shown in Fig.3 .
The semi-circles shown in Fig.3 are assigned as the charge-transfer Interfacial lithium-ion transfer was examined by using the carbonaceous thin-film electrodes and various electrolyte solutions.
Activation energies for lithium-ion transfer at the interface between the carbonaceous thin-film electrode and electrolyte were obtained and these values were dependent on the electrolytes used. The activation energy of lithium-ion transfer at the carbon negative electrode/electrolyte interface is concluded to be influenced by ion- solvent interaction. Consequently, the reduction of the interaction between lithium-ion and solvent in an electrolyte is expected to be effective to improve the rate performance of LIBs.
